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vapor pressure. Both adsorption (increasing pressure) and desorption (decreasing pressure) runs were made in order to investigate the nature and the extent of the hysteresis. Additionally, low temperature gas adsorption analyses were performed on the same rock samples. Nitrogen or krypton adsorption and desorption isotherms at 77 K were used to obtain BET specific surface areas, pore volumes and their distributions with respect to pore sizes. Mercury intrusion porosimetry was also used to obtain similar information extending to very large pores (macropores). A qualitative correlation was found between the surfice properties obtained from nitrogen adsorption and the mineralogical and petrological characteristics of the solids. However, there is in general no proportionality between BET specific surface areas and the capacity of the rocks for water adsorption at high temperatures. The results indicate that multilayer adsorption rather than capillary condensation is the dominant water storage mechanism at high temperatures.
PTRODUCTION
The decline in reservoir pressures observed at The Geysers after a period of rapid development (Barker, 1992) prompted an increase in research aimed at a better understanding of the reservoir physics and improving the technology of recovery of geothermal energy so that the life of the reservoir can be sustained for the most economical exploitation of the resource. It is expected that adsorption can affect the response of the reservoir under both production of steam and injection of water in the wells where the pressure fell significantly below its original level in the undisturbed reservoir.
The uptake of water by a porous solid is often called adsorption, regardless of what mechanism of solidfluid interaction is involved Possible mechanisms of water storage include micropore filling, cooperative adsorption (involving interactions between adsorbate molecules), monolayer and multilayer adsorption, capillary condensation, and interactions similar in varying degrees to chemical bonding. The occurrence of any of these mechanisms depends on the chemical composition of the solids, temperature, pore sizes and shapes, and the way the pores are filled or emptied. Since physical models developed to describe these phenomena are merent, it would be desirable to determine the prevailing water storage mechanism at reservoir temperatures, so that an adequate description can be developed.
One of the reasons for measuring adsorption isotherms over a range of temperatures is to be able to distinguish between capillary condensation and multilayer adsorption. This distinction is possible because multilayer adsorption isotherms as a knction of the relative pressure p/po are expected to change only very little with temperature, while capillary condensation is temperature dependent.
The creation of an adsorption layer and condensation into bulk liquid are thermodynamically very similar processes. Since the associated enthalpy changes and volumetric properties are nearly the same, p/po at a particular extent of adsorption is expected to remain constant with temperature. According to the established view of physical adsorption caused by dispersion forces, even one layer of adsorbed molecules is able to screen nearly completely the subsequent layers from interactions with the solid surface, so that ail but the first, (or at most also the second) layers can be treated as a uniform bulk liquid phase. Although such a model is a simplification, and the adequacy of these assumptions may not be obvious (Barrer et at., 1952) , it has been the basis of the most widely used treatments of multilayer adsorption, and it has been included in both the traditional, kinetic (Brunauer et al., 1938) , and the statisticabmechanical (Hill, 1946) derivations of the BET equation, as well as the Frenkel-Halsey-Hill 0 equation (HaIsey, 1948) .
The BET parameter c expresses the energetic difference between adsorption directly on the solid surface and adsorption of all the subsequent layers, including the second.
In contrast to multilayer adsorption, the vapor pressure over capillary condensate should be strongly af€ected by temperature as predicted by the Kelvin equation (Defay el ul., 1966) : The greatest difficulty in the description of porous or fractured solids is that their properties with respect to interaction with fluids vary strongly with geometric configurations and shapes of the pores. In rocks this diversity is compounded by heterogeneity and varying mineral compositions, so that no simple classification of the properties of porous rocks is possible. One of the interesting phenomena inherent in the interactions between porous solids and fluids is the adsorptiorddesorption hysteresis, which is very commonly observed in the relation between the pressure and the amount of adsorbate for a wide variety of porous adsorbent-adsorptive pairs. The presence of hysteresis makes the application of experimental results somewhat ambiguous, since without knowledge of the histoxy of the system only a range of values of liquid saturation of the solid can be inferred at a given relative pressure. (1995) found an increase in the amount of water adsorbed as the temperature increased from 80 "C 130 "C. This increase was more pronounced at high relative pressures. They attributed this behavior to either a temperaturedependent chemical equilibrium or the presence of solutes in the adsorbate.
Studies
This project was undertaken in order to expand our understanding of the adsorptioddesorption processes occumng in rocks found in geothermal reservoirs, with the intention of improving the efficiency of the recovery of geothermal energy through improved inputs to geothermal reservoir models. The main goals were: 0 to measure water sorption by the reservoir rocks from The Geysers geothzrmal field, California, at temperatures close to the actual reservoir conditions (240 "C) and to explore the temperature dependence of adsorption; 0 to investigate the hysteresis behavior; 0 w i t h respect to water adsorption capacity; to characterize the rocks included in the study 0 to investigate the possibility of predicting this capacity using available properties of the rocks. Such properties as porosity, BET specific surface area, total pore volume and pore volume and area distributions w i t h respect to pore size can be obtained by methods that are faster and less expensive than high temperature water adsorption measurements.
The reservoir pressure is an important parameter, as it affects directly the: economics of energy production. The rates of both pressure and flow rate decline during production are used as an indicator of the size of the resource and the expected life and performance of the reservoir (Sanyal et at., 1992; Enedy, 1992) . Since the steam pressure in vapordominated geothermal reservoirs in their undisturbed state is found to be essentially the saturation pressure of liquid water at the measured reservoir tempera-, the reservoir must contain some amount of free water present in wide pores and fractures (Pruess and O'Sullivan, 1992) . It was determined that the initial pressure at the sea level in the central part of The Geysers reservoir was 35.4 bars (Lippmann et al., 1978) , which corresponds to a boiling temperature of 243.3 "C. This temperature is close to measured well temperatures. The steam drawn from such a reservoir comes initially from the evaporation of the excess liquid water. After the reserve of this bulk liquid is exhausted, the water retained in smaller pores and adsorbed on the surfaces starts to evaporate, and the pressure starts to decline. The process of depletion of a steamdominated reservoir assuming thermodynamic equilibrium over all the volume of a closed system is shown schematically in Figure 1 .
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Fig. I . Equilibrium pressure decline during depletion of a vapor-dominated geothermal reservoir.
Actual response of the reservoir may not follow the adsorption isotherm if the production rate is higher than the relaxation rate of the reservoir, or if the reservoir is being recharged by meteoric or other water. The flat (nearly horizontal) part of the solid w e in Fig. 1 indicates that it is impossible to accurately estimate the amount of water present initially in the reservoir by measuring the reservoir pressure decline, since the withdrawal of large amounts of water at this stage is associated with a immeasurably small long-term decline in equilibrium pressure. In the later stages of the reservoir operation, the amount of water left in the reservoir can be determined in principle from reservoir pressure data, if the water retention capacity as a function of pressure and the reservoir size are known.
As Seen in the schematic representation in Fig. 1 , the reservoir pressure observed with adsorption present (solid w e ) will be lower than the pressure in the hypothetical case without adsorption (dotted m e )
for the later stages of the reservoir operation. If any mechanism of lowering water activity is operating (either interactions with solid surfaces or with dissolved substances) a gradual decline in pressure will be observed instead of an abrupt fall to zero when all the water is withdrawn. Since the decline in pressure tends to slow down further depletion, pressure lowering acts as a mechanism stabilizing geothermal reservoirs, delaying a complete dry-out.
No matter how closely this reflects the physical reality, this behavior can be explained by the presence of a 'CapilIaxy suction' which keeps the moisture inside the rocks at the conditions where liquid water could not exist. The increased interest in adsorption properties of geothermal reservoir rocks is then parallel to the increased interest in the behavior of vapordominated geothermal reservoirs in the later stages of their exploitation, when the pressure is substantially lower than the saturation pressure at the nominal reservoir temperature, but the reservoir still contains a considerable amount of water held by the solid-liquid interactions. The knowledge of adsorption characteristics can help in better understanding of the reservoir's response to water injection. The time needed for the injected water to reach the production wells may be longer with adsorption since the injected water will at first readsorb on the surface of fractured rocks in the amount depending on local conditions at the injection well. The amount of water needed during injection may be Merent from the amount of water previously withdrawn, due to hysteresis.
EXPERIMENTAL
The measurements were performed on core samples of rocks taken from the productive steam reservoir at The Geysers. Well numbers and approximate depths were as follows: The rocks were crushed using a jaw crusher and ground to obtain the fine fraction using a disk attrition mill. The product was separated by screening into three fractions with the following grain sizes: 2.00 -4.25 mm ('coarse'), 0.355 -2.00 mm ('medium'), and 0 -0.355 mm ('fine'). Two aliquots of each of the medium fradons were loaded in the autoclave in order to evaluate possible random differences due to the heterogeneity of the samples.
After completing the measurements it was discovered that some amount of iron (steel) particles originating from the disk mill was present in the fine fraction samples. Estimated weight fraction of iron was at least several per cent. Since the steel particles were smaller than 0.355 mm, they passed quantitatively into the fine fractions, but the coarse and medium fractions did not contain noticeable impurity iron.
Annaratus
The ORNL high-temperature isopiestic apparatus has been described previcusly. (Holmes et uf., 1978; Gruszkiewicz et al., 1996) . Briefly, the samples were placed inside a high-pressure, high-temperature autoclave in titanium pans fitting in holes in a disk which was rotated by the operator. The pans were positioned in turn on the torsion suspension electromagnetic balance and weighed in situ by adjusting the electric current through the balance coil. The mass of a sample was proportional to the current required to bring the balance beam back to the null point. Since each weighing is made by comparison with a set of standard weights placed inside the pressure vessel together with the samples, the method's susceptibility to significant systematic errors is greatly reduced.
In addition to the high temperature water adsorption measurements, low temperature (77 IC) nitrogen adsorption and desorption isotherms were determined by Micromeritics laboratories (Norcross, Georgia). Nitrogen adsorpion runs were made in the whole relative pressure @/PO) range from 0.01 to above 0.99 and desorption runs (for selected samples) from 0.99 back to 0.14. Multipoint BET specific surface area analyses and pore size distributions were obtained from these data. Adsorption results were supplemented with mercury intrusion tests on selected samples, also done by Micromeritics. Mercury intrusion results provided information about wide pores which are beyond the useful range of the Kelvin equation, and at the same time practically all mesopore sizes were included. The mercuIy pressure scans extended from 0.11 bar to 4.14 kbar, providing a nominal pore diameter range from I14 ym to 3 nm.
RESULTS

Reliahilitv
It was determined that the relatively large irreversible water retention reported previously (Gruszkiewin et ai., 1996) , and thought to be due to the hydration of some of the minerals, was most likely an experimental artifact due to the oxidation of the iron originating from the milling process.
Taking this into account, the increase in water adsorption observed for the fine grain size fractions was in fact moderate, as could be expected from the increase in the specific surface area due to the reduction in grain size. For example, the BET specific surface areas were 2.45 m2/g and 1.31 m2/g for the fine and medium grain size fractions of MLM-3. The differences in BET specific surface areas (or water adsorption capacities) between the coarse and medium fractions were less than the random variability between the samples
In generai, the capacities for water adsorption of the cores taken from the three wells were consistently in the order MLM-3 > NEGU-17 > Prati-State 12. The differences berween the twin medium fraction aliquots of the same rock were small for MLM-3 and NEGU-17, but quite significant for Prati-State 12.
Fig. 2. Adsorption and desorption isotherms of
water on the medium grain size fraction of the MLM-3 core samples. An oflset of 2 and 4 mg/g was added to the 200 and 250 "C isotherms, respectively.
Since the properties of the rocks vary significantly with depth, it is normally not possible to compare directly the results obtained in different laboratories, even on samples coming from the same well. However, in one case where the reported depths were nearly the same, the agreement between a 150°C adsorption isotherm on the MLM-3 coarse grain size sample obtained in this work, and a corresponding 120 "C isotherm obtained by Satik and Home (1995) was very good (Gruszkiewin et af. 1996). However, the agreement of the desorption isotherms was not satisfactory, as the hysteresis loops obtained in this work were closed or nearly closed, while extensive low pressure hysteresis and irreversible water retention were observed by Satik and Home (1995) and Shang e l af. (1995) on all their samples. isotherms start at a water content close to zero).
Temperature Dependence And Hvsteresis
The following features of physical adsorption of water on the rocks investigated can be seen in There is essentially no temperature dependence of the adsorption branches; As the temperature increases the hysteresis loop shrinks in both the amount of the adsorbate and the pressure range (this is most clear in the NEGU-17 isotherms);
Water adsorption is reversible (the mass of the sample in vacuum after an adsorptiondesorption cycle remains the same), but;
The hysteresis loops persist to very low pressures in the case of MLh4-3 and Prati-State 12, while distinct closure points at an intermediate pressure a~ present for NEGU-17.
The closure points for the 'main' hysteresis loop due to capillary condensation are also visible in MLM-3 and Prati-State 12 isotherms.
What is the origin of hysteresis in adsorption/ desorption? The different mechanisms of adsorption and desorption are usually pictured in the following way, called the 'delayed meniscus theory' (Amell and McDermott, 1957) . As the relative pressure increases, multilayer adsorption occurs continuously on all the walls. Capillary condensation starts at lower pressures in the small pores, and at higher pressures in the large ones, beginning only after the free diameter has decreased sufficiently because of the adsorbate present on the walls. When desorption starts as the pressure declines from saturation, with all the pores initially full, the only available vaporization mechanism is evaporation from the menisci. The menisci will not disappear at the same relative pressures as when they were formed, but usually at lower pressures. As a result, the average curvature of the liquid surface during adsorption and desorption will be different (it will approach that of the cylindrical free spaces inside the pores for adsorption, and that of the spheroidal menisci, for desorption). It shouid be noted, however, that hysteresis also occurs in non-porous adsorbents, and other possible causes for adsorptioddesorption hysteresis both in porous and non-porous solids may exist. Explanations which do not invoke different mechanisms of filling and emptying the pores may rely on the presence of unstable regions and phase transitions in the adsorbate (Hill, 1947; Amell and McDerrnott, 1957; Greg and Sing, 1982, p. 126 the excess water present on the desorption branch is decreasing as the surface tension decreases with temperature. As a result, the hysteresis loop nearly collapses at 250 "C, as seen in Fig. 2,3 and 4 
.
Since the mechanism of water retention on the adsorption branch is mainly multilayer adsorption, with a heat effect similar to that of condensation into bulk water, there is little or no change with temperature of the amount of water adsorbed this way. It appears that only a very small fraction of water is adsorbed as capillary condensate on MLM-3 and Prati-State 12 samples. Capillary condensation is more visible in NEGU-17 samples (Fig. 3) .
The causes for the low-pressure hysteresis (Fig. 2  and 4) on very heterogeneous rock samples are difficult to identlfy with certainty. It has been known (Amell and McDermott, 1957 ) that swelling of some sorbents, caused by the presence of adsorbates, can lead to low-temperature hysteresis as new surface sites open up during desorption. It was recently suggested flvardovski et af., 1997) on the basis of dilatometric measurements that sorbent deformation is more common than was previously thought and might be a universal cause for (low pressure) sorptive hysteresis, since it occurs to a detectable extent even in materials with a rigid structure. Nevertheless, in addition to adsorbate-induced structural changes, other causes for low-temperature hysteresis have been proposed. Irreversible hydroxylation of surfaces certainly can cause hysteresis across the relative pressure range (Gregg and Sing, 1982, p. 270) . Low-pressure hysteresis of water on calcite was observed by Gregg and Gammage (1972) and attributed to practically irreversible penetration of water deep into molecularsize crevices between adjacent surfaces of the lamellar solid, from where it can escape only very slowly. Finally, dissolution of the soIid in the adsorbent can probably cause both positive and negative hysteresis, depending on whether new adsorption sites are created or destroyed. The components most likely responsible for the low pressure hysteresis observed in the altered graywacke are chlorite and other clay-like minerals, or calcite. pore Svstem Properties And Rock Comnositions . The differences between water and nitrogen molecules have an impact on the measured adsorption isotherms and specific sur€ace areas determined from nitrogen and water adsorption. It is known that a porous material's capacity for water adsorption can be either larger or smaller than its capacity for nitrogen adsorption, depending on the nature of the adsorbent. (Gregg and Sing, 1982, p. 238). All the nitrogen adsorption isotherms obtained in this work had well defined hysteresis loops closing at p/po = 0.45 (a rather typical value for nitrogen at temperatures close to its boiling point). Nitrogen adsorption (bold lines) and desorption (regular lines) isotherms for medium grain size samples of the three cores investigated are shown in The following characteristics of the samples can be Seen in this diagram: 0 There are large differences in the amounts adsorbed by the three cores (the ratios MLM-3 : NEGU-17 : Prati-State 12 at p/po = 0.4 are I : 2.56 : 0.29; the BET specific surface areas are 1.3 1,4.06, and 0.36 m2/g, respectively); 0 NEGU-17 metagraywacke has the largest specific surface area and its pore area distribution is shifted towards smaller pores compared to the other two cores; The MLM-3 metagmywacke adsorbs the largest amount of nitrogen at high pressures, which is likely due to the presence of more macropores. interactions) for water than for nitrogen. As a consequence, molecular-size pores (which are still wide enough to admit either Nz or H20 molecules) are filled more easily with nitrogen than w i t h water. In the latter case the energetically favorable hydrogen bonding network cannot exist in the adsorbed phase to the extent possible in bulk liquid. For this reason, the interaction with solid surface is less advantageous energetically to polar, hydrogenbonding capable molecules, than it is to simple molecules.
In contrast to nitrogen adsorption, the amounts of water retained by the three cores at low relative pressures are similar (the ratio MLM-3 : NEGU-17 : Prati-State 12 at p/po = 0.4 is 1 : 0.90 : 0.74;
The NEGU-17 isotherm has a distinctly different shape from the other two isotherms.
Figures 5 and 6 show that the standard BET surface areas cannot be used directly to predict relative capacities of various rocks for water adsorption, even if the materials are similar rocks. There is convincing evidence, obtained by all three methods (high temperature water adsorption, low temperature nitrogen adsorption, and ambient temperature mercury intrusion), indicating that NEGU-17 metagraywacke has significantly more micropores and also fewer very wide macropores than either MLM-3 or Prati-State 12. Pore volume distributions calculated from both nitrogen and water adsorption isotherms show a distinct difference between NEGU-17 and the other two cores. Average pore diameters (27.2, 6.6, and 28.6 om and Prati-State 12, respectively) calculated from nitrogen adsorption BET surface areas and total pore volumes also indicate that NEGU-17 metagraywacke bas a finer pore structure than the other two cores. The average pore diameter for NEGU-17 calculated using the Langmuir specific surface area analysis was even lower (4.7 nm).
Both nitrogen adsorption and mercury invusion results indicated that changes in the pore structure had taken place during the high temperature adsorption experiments. Pore volume distributions showed a shift towards wider pore sizes in NEGU-17 and h4LM-3 samples, while Prati-State 12 pore volume distribution remained unchanged. Since the smallest pores are most affected by changes occurring on the surface or by solid dissoiution and subsequent deposition, the Prati-State 12 metagraywacke apparently has by far the fewest very narrow pores. Partial dissolution of the finest crystals and sealing of the finest pores was also indicated by the decreases of 20 to 30 per cent in the BET specific surface areas and increases in the averhge pore sizes obtained both by nitrogen adsorption and mercury intrusion for all the rock samples where such measurements were made before and after the high temperature steam exposure. In a sample of silica gel the fine pore structure was nearly completely destroyed upon exposure to steam even at 150°C, and the specific surface area decreased from 542 m2/g by the BET method, or 782 m*/g by the Langmuir method to 3.0 mz/g (BET). This was likely due to the dissolution of Si02 in adsorbed water, but not by recrystallization of quartz, which was not detected by X-ray diffractometry. Similar effects can be expected to occur, to a lesser extent, in reservoir rocks containing crystalline silica and other minerals which are increasingly soluble in water at elevated temperatures. Since there is a significant random variability between the samples, obtaining definitive evidence for these changes would require more tests performed on exactly the same aliquots before and afterhigh temperature adsorption measurements.
Total pore volumes (and hence total porosities) are difficult to measure unambiguously by either adsorption or mercury Intrusion. The adsorption isotherms of rock samples are characterized by a steep increase of the amount of water retained with the increase in pressure towards saturation, so that the isotherm is apparently asymptotic to the p/po=l axis. Such behavior is not universal in porous materials, since often a plateau at high relative pressures is found. The lack of a plateau indicates that the pore voiume distribution is relativeiy even in the upper end of the pore size range, and there is no distinct upper pore size limit. The shape of adsorptioddesorption . isotherms Similar to those obtained in this study is often observed .with aggregates of plate-like or sheet-like particles giving rise to slit-shaped pores and is referred to as type H3 isotherm (Sing et al., 1985) . This shape of the pores is also compatible with porosity caused by hctuiing and bulk crystallization. Since the widest pores may contribute significantly to the total volume (although usually not to the total SwEace area), this limits the accuracy of total pore volume determinations. In the case of nitrogen adsorption measurements, the accuracy of temperature and pressure measurement and control at the boiling point of nitrogen limits the useful pore diameter range to at most 200 nm with extremely accurate work. The uncertainty in the upper pore size limit exists also in mercury intrusion measurements where the initial filling pressure w i l l determine the distinction between internal and external volumes of a sample. Of course, in the lower limit of pore sizes mercury intrusion results are less reliable and there is a possibility of sorbent deformation under high pressure. The porosity results (8.4, 10.9 and 12.3 YO in the sequence NEGU-17, Pmti-State 12, and MLM-3) are significantly higher than those reported by Satik et ai. (1996) for similar materials (up to 5.5 per cent for MLM-3 metagraywacke) or by Gunderson (1990) (1.1 to 5.6 per cent for NEGU-17 core of approximately the same depth as in this work). With proper procedures the average density of the rock solids can be determined fairly accurately (it is 2.75-2.78 g/cm3 for the samples included in this work, with a maximum error of about 2 per cent), but even here we encountered quite inaccurate helium pycnometry determinations. The main difficulty in finding porosities by the mercury intrusion method seems to lie in measuring the total volumes of the porous rocks. The differences in mercury intrusion procedures (immersion pressure), sample grain sizes, and random differences between the samples can sigmfbntly impact total porosity results.
The differences in adsorption properties between MLM-3, NEGU-17, and Prati-State 12 cores are consistent with the differences in mineral compositions Vable 1). Enhanced microporosity of the NEGU-17 samples is concomitant with a more than doubled fraction of chlorite and the largest fraction of organic matter. Chlorite is a mineral related chemically to montmorillonite and other clay minerals which form charged molecular layers able to interact with each other and to form stable structures involving water molecules ( €3and Ray, 1957) . The strength of such interactions is intermediate between that of dispersion forces and typical chemical bonding. On the other hand, quartz and feldspars, which constitute more than 65 per cent of the MLM-3 and Prati-State 12 samples, but only 45 per cent of the NEGU-17 samples, have more rigid, three dimensional struchues, which do not accommodate water or small cations as easily.
(Their surfaces, however, can be found in different hydroxylation states.) The highly carbonized organic matter found in the NEGU-17 samples might be contributing to the observed microporosity and hydrophobic adsorption, as would charcoal (Gregg and Sing 1982, p. 262) . A more detailed study focllsing on the properties of the constituent minerals could lead to more precise assignments of the contributions to the observed adsorption behavior, which would be d for predicting adsorption properties of rocks.
